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Observed diversity in the atmospheres of hot Jupiters

Sing et al. 
2016, 

Nature
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Localized clouds?
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If we want to understand clouds in hot Jupiters, we must consider 
three-dimensional temperature structure



GCMs + post-processed clouds
• Add cloud opacities to GCM results from Kataria 

et al. (2016) 
• Ackerman and Marley (2001) cloud code (aka 

eddysed)
• Evaluates geometric scattering optical depth by 

cloud particles following Mie theory 
• Additions by Morley et al. (2012, 2013) to include 

sulfide clouds 
• Eventually including ultra-high T clouds 

(Wakeford et al. 2017) 
• Transmission spectra computed in 1D (Hubbard 

et al. 2001, Fortney et al. 2003) and 3D (Fortney et 
al. 2010, Shabram et al. 2011)

Kataria et al., in prep
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Fig. 3.— The slant optical depth of each condensation species considered (colored lines) for limb-averaged P-T profiles. The total slant
optical depth is shown by the dashed-black line for each planet. The dotted line indicates where the optical depth is equal to one. As the
equilibrium temperature of the planet increases the number of condensates likely to be present in the atmosphere at the limb decreases. In
the cooler planets Na2S is the dominant absorber at pressures probed by transmission, with MgSiO3 being the most dominant absorber in
hotter planets.

Barsto 2017 test the two cloud component thing, the re-
duced chi squared did not favour this over simpler single
cloud component models which favoured the

6. 1D/3D TRANSMISSION SPECTRA

The constraints that are placed on atmospheric prop-
erties when comparing observation data to models are
inherently dependent on the models themselves. Here
we have detailed a chain of models used to include a se-
ries of atmospheric properties in the resultant models,
which we now compare to the observed data. In compar-
ison to the models presented in Sing et al. (2016), which

were ad-hoc stichings of m

6.1. Comparing cloudy spectra to observations

6.2. Looking towards JWST

Constraints on atmospheric properties are inherently
dependent upon the models used in interpretation, with
the era of JWST fast approaching we will once again be
faced with data which can challenge and improve those
models.

7. SUMMARY AND CONCLUSIONS
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Even within HJ population, many cloud species contribute opacity
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clouds, some 
marked 
differences 
between limb-
averaged 
spectra

• Arise from 
differences in gas-
phase opacity 
(Fortney et al. 2010)
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Fig. 5.— Transmission spectra measured for each planet in this study (see Sing et al. 2016; Wakeford et al. 2018) fit with our 1D and
3D, clear and cloudy models. For fitting statistics see Table2.

TABLE 2
Statistical fits to 1D and 3D clear and cloudy transmission spectral models.

Planet DOF 1D clear 1D cloudy 3D clear 3D cloudy Cloud set-up
�2 �2 �2 �2 Fsed Rayleigh ↵

HAT-P-12b 30 472 36 441 0.1 1⇥106 8
WASP-39b 69 375 133 653 0.1 10 16
WASP-6b 18 85 23 66 0.1 1⇥108 8
HD189733b 52 1724 89 1328 0.1 1⇥108 16
HAT-P-1b 41 109 59 88 0.5 100 8
HD 209458b 123 1327 285 1071 0.1 1⇥104 8
WASP-31b 60 278 81 215 0.1 1000 12
WASP-17b 38 133 36 94 0.5 100 8
WASP-19b

Kataria et al., 

in prep
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Conclusions
• Even within HJ population, many cloud species can contribute opacity  
• Even for cloud-free spectra, spectral differences can emerge from 

gas-phase opacity 
• Likely tracks with limb-to-limb temperature differences —> dynamics 

• Cloudy model spectra generally provide better fit to observations than 
clear model spectra in both 1D and 3D  

• Multiple pressures can be accessed in a single observation 
• Spatial inhomogeneities will become especially important for future 

mapping efforts (e.g., eclipse mapping)



The SPARC Model

Dynamics 
Calculate wind 

speeds and 
temperatures given 

heating rates 
Chemistry 

Determine chemical 
abundances given 

chemical and dynamical 
timescales and overall 

atmospheric composition   

Radiative Transfer 
Solve for heating rates 

given pressure, 
temperature, and 

chemical abundances

Substellar and Planetary Atmospheric Radiation  
and Circulation Model



The Three Musketeers
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Circulation and clouds of large-program planets 7
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Fig. 4.— The total slant optical depth for the limb- (pink solid), eastern limb- (light blue dashed), and western limb-averaged (dark blue
dotted) P-T profiles for each planet. As the temperature increases the di↵erence between the east and west limb temperatures increase
(see Kataria et al. 2016) leading to di↵ering opacities across the limb of the planet.
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López-Morales M., Marley M., Kataria T., et al. 2017, ApJ,
835, L12

Wakeford H. R., Visscher C., Lewis N. K., Kataria T., Marley
M. S., Fortney J. J., Mandell A. M., 2017, MNRAS, 464, 4247

Kataria 
et al., 

in prep

Slant optical depthLo
g 

pr
es

su
re



HAT-P-12b WASP-39b WASP-6b

HD 189733b HAT-P-1b HD  209458b

WASP-31b WASP-17b WASP-19b

LongitudeLongitude Longitude
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150

L
a

ti
tu

d
e

L
a

ti
tu

d
e

L
a

ti
tu

d
e

-50

50

0

-50

50

0

-50

50

0

Spitzer CH1 !=1 Pressure Level 

-50

50

0

-50

50

0

-50

50

0

-50

50

0

-50

50

0

-50

50

0

Pressure (log bars)
1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5

Kataria 

et al., 

in prep



Kataria 

et al., 

in prep

Vertical velocity 
vs. longitude 
and pressure

positive = 
upwelling

negative = 
downwelling

20

longitude from substellar (deg)

pr
es

su
re

 (b
ar

)

-40



Mapping cloud optical depth

Kataria, Wakeford, Batalha, 
Baldwin et al., in prep

Na2S clouds at 100 mbar, fsed = 0.1

9

Figure 8. Vertical optical depth from Na2S clouds at a pressure of 101.3 mBar and a global fsed of 0.1 for all nine planets in the sample. The colormaps in this

figure are scaled to the same limits so that they are comparable. Note that the upper limit changes between figures so that detail is not lost.
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